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Abstract
I review recent progress made in the description of pion–nucleon scattering, the σ–term,
the scalar form factor and the strangeness content of the nucleon in the framework of
heavy baryon chiral perturbation theory. Other topics are single pion production by real
and virtual photons as well as in proton–proton collisions.
INTRODUCTION
The chiral Ward identities of QCD can be solved perturbatively at low energies by means of
an effective chiral Lagrangian, i.e. in chiral perturbation theory(1). Formally, one considers
the generating functional of QCD,
exp(iZQCD[v, a, s, p]) =
∫
[DU ] exp
(
i
∫
d4xLeff(U ; v, a, s, p)
)
, (1)
where U collects the Goldstone boson fields and v, a, s, p are external fields coupled to the
pertinent quark currents. One can thus explore in a systematic fashion the strictures of the
spontaneously broken chiral symmetry of QCD. In the presence of matter fields, like e.g. the
nucleons, this amounts to a triple expansion in powers of small momenta, quark masses and
the inverse nucleon mass at energies smaller than the chiral symmetry scale Λχ ≃ 1 GeV. The
set of these small expansion parameters is collectively denoted as p. One is thus deeling with
a full–fledged quantum field theory including loop graphs and renormalization. The theory
is, however, only valid below some limiting energy and thus renormalization to all orders
is not the issue, but rather order–by–order renormalization. At each order, new terms with
coefficients not fixed by symmetry appear, the so–called low–energy constants (LECs). These
parameters in a way parametrize our ignorance of fully solving QCD. It is, however, important
to stress that the number of processes one looks at by far outnumbers these LECs and one
thus can make truely quantitative predictions. A great variety of calculations concerning
processes with one, two or many nucleons have been performed over the last few years as
reviewed e.g. in(2). Here, I will focus on some novel developments pertinent to this meeting,
in particular pion–nucleon scattering and pion production by real and virtual photons. I will
also add some remarks on the much discussed reactions pp→ ppπ0 and pp→ dπ+.
πN–SCATTERING, σ–TERM AND ALL THAT
A nice discussion about the relation between low–energy pion–nucleon scattering data, the
σ–term and strangeness in the proton has been given by Gasser at the 2nd πN symposium(3).
I will update here what has happened in this field over the last few years.
Pion–nucleon scattering threshold parameters
The effective pion–nucleon Lagrangian consists of a string of terms with increasing dimen-
sion. At second order, it contains seven LECs. While these have been determined before(2),
these determinations involved some quantities in which large cancellations appear inducing
some sizeable uncertainty. In ref.(4), the four LECs related to pion–nucleon scattering and
isoscalar–scalar external sources (as measured e.g. in the σ–term) were fixed from a set of
nine observables which to one–loop order p3 are given entirely by tree and loop diagrams
with insertions from the dimension one and two parts of the effective Lagrangian. The fifth
LEC is only non–vanishing in case of unequal light quark masses and can thus be estimated
from the strong contribution to the neutron–proton mass difference. The other two LECs are
given by the anomalous magnetic moments of the proton and the neutron. In that paper,
it was also shown that the numerical values of these LECs can indeed be understood from
resonance exchange, however, in some cases there is sizeable uncertainty related to certain ∆
couplings. Most interesting is the finding that the LEC c1 reveals the strong pionic correla-
tions coupled to nucleons well known from phenomenological models of the nucleon–nucleon
force. The one-loop contribution to the πN -scattering amplitude to order p3 has first been
worked out by Mojzˇiˇs(8). Here, I follow ref.(4) in which certain aspects of pion–nucleon scat-
tering have also been addressed. In the center-of-mass frame the πN -scattering amplitude
πa(q) +N(p)→ πb(q′) +N(p′) takes the following form:
T bapiN = δ
ba
[
g+(ω, t) + i~σ · (~q ′ × ~q )h+(ω, t)
]
+ iǫbacτ c
[
g−(ω, t) + i~σ · (~q ′ × ~q )h−(ω, t)
]
(2)
with ω = v ·q = v ·q ′ the pion cms energy and t = (q− q ′)2 the invariant momentum transfer
squared. g±(ω, t) refers to the isoscalar/isovector non-spin-flip amplitude and h±(ω, t) to the
isoscalar/isovector spin-flip amplitude. After renormalization of the pion decay constant Fpi
and the pion-nucleon coupling constant gpiN , one can give the one-loop contributions to the
cms amplitudes g±(ω, t) and h±(ω, t) at order p3 in closed form, see ref.(4). In table 2, I show
the predictions for the remaining S, P, D and F-wave threshold parameters which were not
used in the fit to determine the LECs. In some cases, contributions from the dimension three
Lagrangian appear. The corresponding LECs have been estimated using resonance exchange.
In particular, the 10% difference in the P–wave scattering volumina P−1 and P
+
2 is a clear
indication of chiral loops, because nucleon and ∆ Born terms give the same contribution to
these two observables. Note also that the eight D– and F–wave threshold parameters to this
order are free of contributions from dimension three and thus uniquely predicted. The overall
agreement of the predictions with the existing experimental values is rather satisfactory.
As pointed out by Mojzis(8), the chiral expansion is moderate for most of these threshold
parameters. One should therefore perform an order p4 calculation.
Table 1. Threshold parameters predicted by CHPT. The order of the prediction is also given together
with the experimental values.
Obs. CHPT Order Ref. Exp. value Ref. Units
a− 9.2± 0.4 p4 [5] 8.4 . . . 10.4 [6] 10−2M−1pi
b− 2.01 p3 [4] 1.32 ± 0.62 [7] 10−2M−1pi
P−1 −2.44 ± 0.13 p
3 [4] −2.52 ± 0.03 [7] M−3pi
P+2 −2.70 ± 0.12 p
3 [4] −2.74 ± 0.03 [7] M−3pi
a+2+ −1.83 p
3 [4] −1.8± 0.3 [7] 10−3M−5pi
a+2− 2.38 p
3 [4] 2.20 ± 0.33 [7] 10−3M−5pi
a−2+ 3.21 p
3 [4] 3.20 ± 0.13 [7] 10−3M−5pi
a−2− −0.21 p
3 [4] 0.10 ± 0.15 [7] 10−3M−5pi
a+3+ 0.29 p
3 [4] 0.43 [7] 10−3M−7pi
a+3− 0.06 p
3 [4] 0.15 ± 0.12 [7] 10−3M−7pi
a−3+ −0.20 p
3 [4] −0.25 ± 0.02 [7] 10−3M−7pi
a−3− 0.06 p
3 [4] 0.10 ± 0.02 [7] 10−3M−7pi
Baryon masses and σ–term
The scalar sector of baryon CHPT is particularly interesting since it is sensitive to scalar–
isoscalar operators and thus directly to the symmetry breaking of QCD. This is most obvious
for the pion– and kaon–nucleon σ–terms, which measure the strength of the scalar quark
condensates q¯q in the proton. Furthermore, the quark mass expansion of the baryon masses
allows to gives bounds on the ratios of the light quark masses(9). Only recently the results
of a calculation including all terms of second order in the light quark masses, O(m2q), were
presented(10). The calculations were performed in the isospin limit mu = md and the electro-
magnetic corrections were neglected. The quark mass expansion of the octet baryon masses
takes the form
m =
◦
m +
∑
q
Bqmq +
∑
q
Cqm
3/2
q +
∑
q
Dqm
2
q + . . . (3)
modulo logs. Here,
◦
m is the octet mass in the chiral limit of vanishing quark masses and the
coefficients Bq, Cq,Dq are state–dependent. Furthermore, they include contributions propor-
tional to some LECs which appear beyond leading order in the effective Lagrangian. In con-
trast to the O(p3) calculation, which gives the leading non-analytic terms ∼ m
3/2
q , the order
p4 one is no longer finite and thus needs renormalization. Intimately connected to the baryon
masses is the σ–term, σpiN (t) = mˆ 〈p
′ |u¯u+d¯d| p〉, with |p〉 a proton state with four–momentum
p and t = (p′−p)2 the invariant momentum transfer squared. A relation between σpiN (0) and
the nucleon mass is provided by the Feynman–Hellmann theorem, mˆ(∂mN/∂mˆ) = σpiN (0),
with mˆ the average light quark mass. Furthermore, the strangeness fraction y and σˆ are
defined via y = 2 〈p|s¯s|p〉
〈p|u¯u+d¯d|p〉
≡ 1 − σˆσpiN (0) . Let me turn to the calculations presented in(10).
As shown in(10), there are ten LECs related to symmetry breaking. Since there do not ex-
ist enough data to fix all these, they were estimated by means of resonance exchange. To
deal with such scalar-isoscalar operators, the standard resonance saturation picture based on
tree graphs was extended to include loop diagrams. In(10) a consistent scheme to implement
resonance exchange under such circumstances was developed. In particular, it avoids double–
counting and abids to the strictures from analyticity. Within the one–loop approximation and
to leading order in the resonance masses, the analytic pieces of the pertinent graphs are still
divergent, i.e. one is left with three a priori undetermined renormalization constants (β∆, δ∆
and βR). These have to be determined together with the finite scalar meson–baryon couplings
FS and DS and the octet mass in the chiral limit. Using the baryon masses and the value of
σpiN (0) as input, one can determine all LECs in terms of one parameter, βR. This parameter
can be shown to be bounded and the observables are insensitive to variations of it within its
allowed range. Furthermore, it was also demonstrated that the effects of two (and higher)
loop diagrams can almost entirely be absorbed in a redefinition of the one loop renormaliza-
tion parameters. Within this scheme, one finds for the octet baryon mass in the chiral limit
◦
m= 770±110MeV. The quark mass expansion of the nucleon mass, in the notation of Eq.(3),
reads mN =
◦
m (1 + 0.34 − 0.35 + 0.24 ). One observes that there are large cancellations be-
tween the second order and the leading non–analytic terms of order p3, a well–known effect.
From the chiral expansion of the nucleon mass one can not yet draw a final conclusion about
the rate of convergence in the three–flavor sector of baryon CHPT. The chiral expansion of
the πN σ–term shows a moderate convergence, i.e. the terms of increasing order become suc-
cessively smaller, σpiN (0) = 58.3 (1−0.56+0.33) MeV = 45 MeV. Still, the p
4 contribution is
important. For the strangeness fraction y and σˆ, one finds y = 0.21 ± 0.20, σˆ = 36± 7 MeV.
The value for y is within the band deduced in(11), y = 0.15 ± 0.10 and the value for σˆ
compares favourably with Gasser’s estimate, σˆ = 33 ± 5MeV(9). Further results concerning
the kaon–nucleon σ–terms and some two–loop corrections to the nucleon mass can be found
in(10).
The remainder at the Cheng–Dashen point and the scalar form factor
Finally, two more comments concerning the difference of the pion–nucleon σ–term at t = 0
and at the Cheng–Dashen point are in order. First, in(12) it was shown that the remainder
∆R not fixed by chiral symmetry, i.e. the difference between the on–shell πN scattering ampli-
tude D¯+(0, 2M2pi) and the scalar form factor σpiN (2M
2
pi), ∆R ≡ F
2
pi D¯
+(0, 2M2pi)− σpiN (2M
2
pi),
contains no chiral logarithms and vanishes simply as M4pi in the chiral limit. In addition, an
upper limit was reported, ∆R ≤ 2MeV. This value is obtained as follows. The chiral one–
loop corrections give ∆loopR = 0.5 MeV(13), from the baryon resonances only the ∆–isobar
contributes non–negligibly, ∆∆R = 0.6 MeV(14), and t–channel scalar meson exchange can be
bounded based on dimensional arguments to give ∆SR ≤ 1.1 MeV(12). In addition, from the
Kη loop contribution to the scalar form factor evaluated in(15), one finds an upper bound for
the strangeness contribution, ∆strangeR ≤ 0.4 MeV. Second, in(15) it was shown that a one–
loop diagram with an intermediate ∆(1232) allows to explain the numerical value of the scalar
form factor (ff). The leading p3 graph with nucleon intermediate states gives only 7.4MeV,
i.e. half of the empirical value(11). The ∆-contribution, which formally starts at order p4,
adds another 7.5MeV. However, it was already stressed in(15) that the spectral function
Im σpiN (t)/t
2 is much less peaked around t = 4M2pi than the empirical one given in(11). The
∆-contribution enhances the tail of the spectral function at larger t, in contrast to the strong
pionic correlations (higher loop effects), which tend to enhance the spectral function close to
threshold. Furthermore, the SU(3) calculation of ref.(10) indicates fairly sizeable strangeness
effects in this quantity. More detailed higher order calculations are necessary to clarify this
issue.
SINGLE PION PRODUCTION
In this section, I will make some comments on the status of pion production by real and
virtual photons as well as in pp collisions.
Pion photoproduction off nucleons
In table 2, the CHPT predictions for charged and neutral pion production off nucleons are
summarized in comparison to a dispersion–theoretical analysis and the available data. The
chiral expansion converges quickly for the charged pions due to the dominance of the Kroll-
Ruderman term. For neutral pions, the situation is more subtle. In fact, the threshold value
of the electric dipole amplitude for neutral pions off protons is not a good testing ground of
CHPT but rather the energy dependence in the threshold region. For the case of the neutron,
the situation is more favorable since the first correction to the leading term ∼M2pi is only of
the order of 30%.
Table 2. Predictions and data for the electric dipole amplitudes.
CHPT(17) DR(18) Experiment
Ethr0+ (π
+n) 28.2 ± 0.6 28.0 27.9 ± 0.5(19), 28.8 ± 0.7(20) 27.6 ± 0.3(21)
Ethr0+ (π
−p) −32.7 ± 0.6 −31.7 −31.4 ± 1.3(19), −32.2 ± 1.2(22), −31.5± 0.8(23)
Ethr0+ (π
0p) −1.16 −1.22 −1.31 ± 0.08(26), −1.32 ± 0.11(27)
Ethr0+ (π
0n) 2.13 1.19 1.9 ± 0.3(28)
The question arises how to measure the neutron amplitude? The natural neutron target is
the deuteron. The transition matrix for π0 production off the deuteron (d) takes the form
T = 2iEd ~J · ~ǫ+O(~q ), with ~J the total angular momentum of the d and ~ǫ the polarization
vector of the photon. Although the deuteron electric dipole amplitude could be calculated
entirely within CHPT, a more precise calculation is based on the approach suggested by
Weinberg(29), i.e. to calculate matrix elements of the type 〈Ψd|K|Ψd〉 by using deuteron
wave functions Ψd obtained from accurate phenomenological NN potentials and to chirally
expand the kernel K. Diagrammatically, one has the single scattering (ss) terms which contain
the desired π0n amplitude. In addition, there are the so–called three–body (th) contributions
(meson exchange currents). To leading order p3, one only has the photon coupling to the
pion in flight and the seagull term(30). The latter involves the charge exchange amplitude
and is thus expected to dominate the single scattering contribution. However, to obtain the
same accuracy as for the ss terms, one has to calculate also the corrections at order p4. This
has been done in(31). It was shown that the next–to–leading order three–body corrections
and the possible four–fermion contact terms do not induce any new unknown LEC and one
therefore can calculate Ed in parameter–free manner. One finds
Ed = E
ss
d + E
tb,3
d + E
tb,4
d = 0.36 − 1.90 − 0.25 = (−1.8± 0.2) · 10
−3/Mpi+ . (4)
Some remarks concerning this result are in order. First, one finds indeed that the tb contribu-
tion is bigger than the single scattering one. However, the former can be calculated precisely,
i.e. the first corrections amount to a meager 13%. This signals good convergence. I remark
that a recent claim about large higher order (unitarity) corrections(32) needs to be quantified
in a consistent CHPT calculation. Second, the resulting Ed is very sensitive to E0+(π
0n). If
one were to set E0+(π
0n) = 0, Ed changes to −2.6 · 10
−3/Mpi+ , i.e. the threshold cross sec-
tions would change by a factor of two. Note that the theoretical error given in Eq.(4) is an
educated guess, see(31). Third, the CHPT prediction nicely agrees with the empirical value
of Eexpd = (−1.7±0.2) ·10
−3/Mpi+(28). This agreement might, however, be fortitious since the
extraction of the empirical number relies on the input from the elementary proton amplitude
to fix a normalization constant. The TAPS collaboration intends to redo this measurement
at MAMI and SAL is going to report their result very soon. The consequences of precisely
determine these S–wave amplitudes to test isospin symmetry and its violation are discussed
in(33).
A short comment on the P–waves in π0 production is in order. Here, the chiral series converges
quickly and novel low–energy theorems (LETs) for the multipole combinations P1 = 3E1+ +
M1−−M1+ and P2 = 3E1+−M1++M1− have been derived in(16). While P1 can be inferred
from the unpolarized data, extracting P2 calls for polarization. Such an experiment has been
done at MAMI but the analysis is not yet finished. The LET for P1 agrees with a remarkable
accuracy with the data,
PLET1 = 10.33 , P
exp
1 = 10.02 ± 0.15 (26) , (5)
in conventional units. This means that the P–waves are an excellent testing ground of the
chiral QCD dynamics, contrary to common folklore. The order p4 corrections to these P–wave
LETs are presently under investigation(36). Finally, I note that Al Nathan and Hans Stro¨her
independently pointed out to me that the chiral predictions for P1 and the charged electric
dipole amplitudes E0+(π
+n, π−p) based on the latest determinations can be brought into
perfect agreement with the CHPT predictions if one decreases the value of the pion–nucleon
coupling constant to gpiN = 13.06. This deserves further study.
Neutral pion electroproduction off the proton
Producing the pion with virtual photons offers further insight since one can extract the
longitudinal S–wave multipole L0+ and also novel P–wave multipoles. Data have been taken
at NIKHEF(37)(38) and MAMI(39) for photon virtuality of k2 = −0.1 GeV2. In fact, it
has been argued previously that such photon four–momenta are already too large for CHPT
tests since the loop corrections are large(34). However, these calculations were performed
in relativistic baryon CHPT and thus it was necessary to redo them in the heavy fermion
formalism. This was done in(35). The abovementioned data for differential cross sections were
used to determine the three novel S–wave LECs. I should mention that one of the operators
used is of dimension five, i.e. one order higher than the calculation was done. This can not
be circumvented since it was shown that the two S–waves are overconstrained by a LET
valid up to order p4. The resulting S–wave cross section a0 = |E0+|
2 + εL |L0+|
2 shown in
fig. 1 is in fiar agreement with the data. Note also that it is dominated completely by the
L0+ multipole (upper dot-dashed line) since E0+ passes through zero at k
2 ≃ −0.04 GeV2.
However, in agreement with the older (and less precise) calculations, the one loop corrections
are large so one should compare at lower photon virtualities. In ref.(35), many predictions
for k2 ≃ −0.05 GeV2 are given, see fig. 2. At MAMI, data have been taken in this range of k2
and we are looking forward to their analysis, in particular it will be interesting to nail down
the zero–crossing of the electric dipole amplitude and to test the novel P–wave LETs(40).
Fig. 1. The S–wave cross section
a0 for ε = 0.67 (solid line) in com-
parison to the data. The dotted
lines correspond to ε = 0.52 and
0.79, respectively. The upper dot–
dashed is the contribution from
ε |L0+|2. Boxes:(37), cross:(38).
Fig. 2. Predictions for the vari-
ous differential cross sections for
γ⋆p → π0p with ε = 0.58, k2 =
−0.06 GeV2 and ∆W = 2 and
8 MeV as indicated by the solid
and dashed–dotted lines, respec-
tively. Here, ∆W = W −Wthr de-
notes the total cms energy above
threshold, Wthr = mp + Mπ0 =
1074.25 MeV.
Pion production in proton–proton collisions
The high precision data for the processes pp → ppπ0 and pp → dπ+ in the threshold re-
gion(41)(42) have spurred a flurry of theoretical investigations. In particular, tree–level chi-
ral perturbation theory including dimension two operators has been used to constrain the
long–range pion–exchange contributions (the so–called direct, i.e. the production off one nu-
cleon, and rescattering, i.e. the one–pion–exchange current, graphs)(43,44,45,46). On the
other hand, this process has also been considered in the successful semi–phenomenological
meson–exchange models, a particular example being the one considered in ref.(47). In fact,
the chiral perturbation theory approach should lead to a deeper understanding of the success
of the meson–exchange picture, as first stressed by Weinberg(48). It is therefore striking that
the calculations performed so far lead to a marked difference in the role of the so–called
recattering contribution, which interferes constructively with the direct production in the
Ju¨lich model (this effect was already observed in(49)) and destructively in the chiral frame-
work, respectively. Note that while there is still debate about the actual numerical treatment
(co-ordinate versus momentum space) and the ensuing size of the rescattering contribution
in the CHPT approaches(46), the sign difference to the meson–exchange model can be con-
sidered a genuine feature. It is exactly this point which is addressed in(50). I argue that the
treatment underlying the isoscalar pion–nucleon scattering amplitude and the related tran-
sition operator for the process NN → NNπ in the chiral framework is not yet sufficiently
accurate and thus the resulting rescattering contribution might be considered an artefact of
this approximation. Clearly, this does not mean that CHPT is invalid but rather that higher
order (one loop) effects need to be accounted for. To make this statement most transparent,
I will focus the attention on the isoscalar πN scattering amplitude. At second order in small
momenta, it takes the form (up to normalization factors, collectively denoted by N )
T+(q, k) = N
M2pi
F 2pi
(
2c1 − (c2 −
g2A
8m
)
ωq ωk
M2pi
− c3
q · k
M2pi
)
+ T+Born(q, k) +O(M
3
pi) , (6)
where q (k) = (ωq (k), ~q (~k )) denotes the four–momentum of the produced (exchanged) pion.
The LECs ci have been determined to second(51) and third order(4), respectively,
O(p2) : c1 = −0.64± 0.14 , c2 = 1.78 ± 0.10 , c3 = −3.90 ± 0.09 , (7)
O(p3) : c1 = −0.93± 0.10 , c2 = 3.34 ± 0.20 , c3 = −5.29 ± 0.25 . (8)
with all numbers given in GeV−1. It is important to stress at order p2, i.e. to the accuracy
used in describing pp→ ppπ0, it is not possible to simultaneously fit the pertinent sub– and
threshold parameters. This is only possible at one loop.
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Fig. 3. The πN phase shifts S11
and S31 based on the dimension
two CHPT calculation using the
parameters sets given in Eqs.7,8
(dashed and dashed–dotted lines)
in comparison to the data and
the fit within the Ju¨lich meson–
exchange model (solid lines).
In fig. 3, the corresponding πN phase shifts S11 and S31 are shown in comparison to the data
and the fit within the Ju¨lich model. The CHPT description based on Eq.6 and using the
ranges for the LECs as given in Eqs.7,8 can not be expected to be sufficiently accurate for
the threshold kinematics for pion production in pp collisions, where ~q ≃ 0 and ~k ≃ 370 MeV.
Indeed, when constructing the transition operator for the rescattering contribution, this in-
adequacy carries over. Even if one artificially changes the value of c2 and/or c3 to describe
the on–shell scattering data up to Tcms = 150 MeV, the corresponding rescattering graph still
interferes destructively with the direct one. In contrary, using the meson–exchange model,
which fits the πN data up to energies of about 500 MeV, this interference is constructive. It is
therefore conceivable that the CHPT calculations based on the dimension two, tree level ap-
proach to the isoscalar scattering amplitude are not sufficiently accurate and that one has to
go to one loop before drawing any conclusion. However, there is a loophole in this argument.
In the meson–exchange model, crossing symmetry is violated. The precise consequences of this
need to be investigated. Interestingly, the reaction pp → dπ+ is dominated by the isovector
amplitude and receives a much smaller contribution from heavy meson exchange processes.
This means that long–range (chiral) physics should play a more dominant role and this fact
remains to be studied in detail. In particular, the comparison with the data should unravel
the relative sign and strength of the isovector and the isoscalar πN amplitude entering the
pion production operator.
SUMMARY AND OUTLOOK
In this talk, I could only give a short glimpse on the many facets of baryon chiral pertur-
bation theory. Another interesting topics like πN → ππN , chiral symmetry constraints on
the NN interaction and the physics underlying the LECs of the effective chiral pion–nucleon
Lagrangian (resonance exchange saturation) are treated in Norbert Kaiser’s talk(52). There
has also been made considerable progress in the three flavor sector, topics including renor-
malization(53), the chiral expansion of the octet magnetic moments(54) or threshold kaon
production off protons(55). In addition, a consistent scheme to implement the ∆–isobar in
the effective field theory has recently been proposed(56). This is based on counting the ∆–
nucleon mass difference, m∆ −mN ≃ 3Fpi, as an additional small parameter. How good this
phenomenologically inspired approach really is remains to be seen. Also, much more work
than described here has been done in connection with nuclei. For a review about CHPT in
few–nucleon systems, see van Kolck(57). Obviously, we need more precise low–energy data
to further test the chiral dynamics of QCD as exemplified in the discussion about isospin
violation in the pion–nucleon interaction and the role of electromagnetic corrections.
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